We investigate the conditions for the origin and maintenance of postzygotic 2 isolation barriers, so called (Bateson-)Dobzhansky-Muller incompatibilities or 3 DMIs, among populations that are connected by gene flow. Specifically, we 4 compare the relative stability of pairwise DMIs among autosomes, X chromosomes, 5 and mitochondrial genes. In an analytical approach based on a continent-island 6 framework, we determine how the maximum permissible migration rates depend 7 on the genomic architecture of the DMI, on sex bias in migration rates, and on 8 sex-dependence of allelic and epistatic effects, such as dosage compensation. 9 Our results show that X-linkage of DMIs can enlarge the migration bounds 10 relative to autosomal DMIs or autosome-mitochondrial DMIs, in particular in 11 the presence of dosage compensation. The effect is further strengthened with 12 male-biased migration. This mechanism might contribute to a higher density 13 of DMIs on the X chromosome (large X-effect) that has been observed in 14 several species clades. Furthermore, our results agree with empirical findings 15 of higher introgression rates of autosomal compared to X-linked loci. 16 3 Historically, speciation research has mostly focused on two idealized scenarios: allopatric 18 speciation (complete geographic isolation of incipient species) and sympatric speciation 19 (divergence of subpopulations in a common habitat) (Orr and Turelli, 2001; Coyne 20 and Orr, 2004; Via and West, 2008). Both scenarios are simplifications of biological 21 reality. While strict sympatry of incipient species seems to be an exception, there is 22 abundant evidence for hybridization even among "good species" with viable and not 23 completely sterile hybrid offspring (reviewed e.g. in Coyne and Orr, 2004; Mallet, 24 2008). Population genetic theory shows that even low levels of gene flow can strongly 25 interfere with population differentiation (Felsenstein, 1981; Slatkin, 1987). This 26 makes it inevitable to assess the impact of limited gene flow at various stages of the 27 speciation process, a scenario commonly referred to as parapatric speciation. 28 The classical model for the evolution of postzygotic isolation barriers in allopatry 29 is the (Bateson-)Dobzhansky-Muller model (DMM) (Bateson, 1909; Dobzhansky, 30 1936; Muller, 1942). The DMM assumes that new substitutions occur on different 31 genetic backgrounds. When brought into secondary contact, these previously untested 32 alleles might be mutually incompatible and form Dobzhansky-Muller incompatibilities 33 (DMIs), thus reducing hybrid fitness and decreasing gene flow at linked sites. The 34 emergence of species boundaries due to accumulation of DMIs in allopatry is well 35 38 Lindtke and Buerkle, 2015). All support that the DMM provides a viable mechanism 39 for the evolution of postzygotic isolation even in the presence of gene flow, although 40 the bounds for maximum permissible migration rates can be quite stringent.
Introduction
Figure 1: Schematic model. The population inhabits a continent (left) and an island (right), which are connected by unidirectional migration at rate m. The figure shows two out of eight genomic architectures investigated: an X-autosome DMI (upper line) and a cytoplasmic DMI between X and mitochondrion (lower line). Genotypes of female residents are depicted by yellow circles and males by blue circles, respectively. The capital letters denote incompatible alleles, which reduce hybrid fitness. recessitivity of the incompatibility. 109 We define the fitness of an arbitrary female genotype as or for a male genotype as 111 ω(G ♂ ) = n C · σ ♂ C + n I · σ ♂ I − Γ * (G ♂ ).
(3) Strength of the incompatibility: The epistasis vector DMI hybrids: ♀,♂ epistasis vector Γ * A-A ♀: AaBb, AaBB, AABb, AABB Γ AA = (γ 1 , γ, γ, 2γ ♀ , γ 1 , γ, γ, 2γ ♂ ) ♂ AaBb, AaBB, AABb, AABB A-X ♀ : AaXx, AaXX, AAXx, AAXX, Γ AX = (γ 1 , γ, γ, 2γ, (1 + D) γ 2 , (1 + D)γ) ♂: AaXy, AAXy X -X ♀: For each genomic architecture (Table 1) we derive a pair of differential equations We obtain:
We see that with dosage compensation (D = 1), the X-linked allelic fitness is 155 increased ( 4 3 σ ♀ C ), because a single X-allele in males now acts as strongly as two 156 X-alleles in females. Similarly, dosage compensation increases the term due to
Box 1:
Dynamics of the continental allele frequencies p C :
Dynamics of the island allele p I : We obtain full analytical solutions for the maximum migration bounds m ± max (B.2.4).
246
Below, we discuss how these rates depend on the various genetic architectures, sex also that m + max increases with γ, as should be expected if hybrid incompatibility, i.e. epistasis, is the sole cause of (local) stability.
267
In contrast, with a deleterious immigrating allele (third column of Fig. 2 and 3) , To understand the differences among the DMI architectures, we take the case of 281 full dosage compensation and strict female-biased migration (R = 1) as a starting 282 point ( Fig. 2(a)-(c) ). In this case, all curves for m ± max for the different models If also males migrate (Fig. 2(d) -(i)) genomic architectures involving an X chromosomes 288 experience effectively lower migration rates of the X and hence increasing m ± max .
289
Male-biased migration boosts m ± max most effectively for X→X, as both loci experience (corresponding to the 1:2 X-autosome ratio among migrants in this case). at an X-locus. This is clearly always the case for X→X DMIs, but also for the 303 X→A model, as long as |σ C | < |σ I | (as in our example: X fixes before A is lost).
304
In contrast, for the A→A and the A→X model (if |σ C | < |σ I |) the DMI is lost due 305 to swamping at the autosomal locus (continental locus in these cases). Increased 
